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The impact of long-term dietary pattern of fecal
donor on in vitro fecal fermentation properties
of inulin†
Junyi Yanga and Devin J. Rose*a,b
Although the composition of the gut microbiota is of interest, the functionality, or metabolic activity, of
the gut microbiota is of equal importance: the gut microbiota can produce either harmful metabolites
associated with human disease or beneficial metabolites that protect against disease. The purposes of this
study were to determine the associations between dietary intake variables and fecal short and branched
chain fatty acid (S/BCFA) concentrations; to determine the associations between dietary intake variables
and inulin degradation, short and branched chain fatty acid (S/BCFA) production, and ammonia pro-
duction during in vitro fecal fermentation of a highly fermentable substrate (inulin); and finally to compare
results from the fermentation of inulin with those obtained in a previous report using a poorly fermentable
substrate (whole wheat; Yang and Rose, Nutr. Res., 2014, 34, 749–759). Stool samples from eighteen indi-
viduals that had completed one-year dietary records were used in an in vitro fecal fermentation system
with long-chain inulin as substrate. Few dietary intake variables were correlated with fecal S/BCFA con-
centrations; however, intakes of several plant-based foods, especially whole grain, dry beans, and certain
vegetables that provided dietary fiber, plant protein, and B vitamins, were associated with acetate, pro-
pionate, butyrate, and total SCFA production during inulin fermentation. In contrast, intake of dairy and
processed meats that provided cholesterol and little fiber, were associated with ammonia and BCFA pro-
duction. Comparing results between inulin and whole wheat fermentations, significant correlations were
only found for butyrate and BCFA, suggesting that regardless of the type of carbohydrate provided to the
microbiota, long-term diet may have a pronounced effect on the propensity of the gut microbiota toward
either beneficial metabolism (butyrate production) or detrimental metabolism (BCFA production). These
results may help in the development of new dietary strategies to improve gut microbiota functionality to
promote human health.
Introduction
Long-term dietary pattern strongly affects gut microbiota com-
position, and diet-induced shifts in the gut microbiota compo-
sition have been associated with healthy or disease states.1,2
However, recent studies have suggested that the predominant
metabolic pathways that are active among the gut microbiota,
which can also be impacted by diet,3 may be more relevant to
health than the actual composition itself.4,5 For example,
Zhang et al.4 described a core gut microbiota from healthy sub-
jects that shared the common function of producing SCFA but
with different compositional profiles. Turnbaugh et al.5 also
showed that deviations from a core microbiome with shared
metabolic pathways at the functional level, rather than at the
taxonomic level, may result in a disease state. Daniel et al.3
demonstrated that diet had a greater influence on the chemi-
cal metabolites produced by the gut microbiota than on the
gut microbiota composition itself, suggesting that diet might
exert a more pronounced impact on the gut microbiota at the
functional level rather than at the compositional level.
The products of bacterial metabolism in the human gut are
important to the health of the host. The gut microbiota can
either produce harmful metabolites associated with disease or
beneficial compounds that protect against disease.6,7 The
major products of saccharolytic fermentation by the gut micro-
biota, short chain fatty acids (SCFA), have been shown to regu-
late gene expression by binding to G protein-coupled receptors
(GPR). Signaling through GPR41 and GPR43 affects a wide
range of biological functions, including inflammation, appe-
tite control, and insulin regulation.8 For instance, SCFA have
been shown to trigger the secretion of glucagon-like peptide-1,
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a hormone that results in an increase in insulin secretion and
a decrease in appetite.9 Acetate serves as an energy source for
the liver and peripheral tissues and acts as a signaling mole-
cule in metabolic pathways of gluconeogenesis and lipo-
genesis.10 Propionate, a gluconeogenerator, has been linked to
the inhibition of cholesterol synthesis.11 Butyrate is the major
energy source for colonocytes and possesses anti-inflammatory
properties, and has been proposed to play a key role in main-
taining gut homeostasis and epithelial integrity.11,12 Butyrate
has also been shown to promote energy expenditure and
improve insulin sensitivity.13 Increased butyrate and propio-
nate have been linked to protection against diet-induced
obesity as well as reduce fasting insulin and leptin levels.14
In contrast, branched chain fatty acids (BCFA) and
ammonia, the major markers of proteolyic fermentation, are
likely to be detrimental to colonic health.15 Ammonia and
BCFA may change the morphology of intestinal tissues and act
as a tumor promoter in the gut.16 Proteolyic fermentation also
results in the formation of amines, which are the precursors to
carcinogenic nitrosamine formation.17
In vitro fecal fermentation models have been used to evalu-
ate the utilization of dietary substrates as well as production of
microbial metabolites because these outcomes are difficult to
measure in vivo. Previously, we reported that the diet of the
fecal donor influences in vitro fermentation properties when
using “pre-digested” whole wheat as a substrate.18 We found
that butyrate production in particular was correlated with fecal
donor intake of many nutrients contributed by grain-, nut-,
and vegetable-based foods. The study indicated that diets high
in plant-based foods and high in unsaturated fats were associ-
ated with microbial metabolism that is consistent with host
health.18
Whole wheat contains complex and poorly fermented
dietary fibers (e.g., cellulose and cross-linked arabinoxylan)
that are generally poorly fermented (about 30%). In contrast,
inulin represents a soluble type of dietary fiber, consisting of
repetitive fructosyl moieties culminating in a chain-terminat-
ing glucosyl residue,19 which can be readily fermented by the
gut microbiota.20 The objectives of this study were (1) to deter-
mine the correlations between long-term diet of the fecal
donor and fecal metabolite concentrations; (2) to determine
the correlations between long-term diet of the fecal donor and
fermentation products arising from in vitro fermentation of
inulin, a soluble, highly-fermentable fiber; and (3) to compare
the results of inulin fermentation with those obtained in our
previous study18 on in vitro fermentation pre-digested whole
wheat flour, a mostly insoluble and poorly-fermentable source
of fiber.
Materials and methods
Subjects, dietary records, and stool sample collection
Previously, we collected dietary records and stool samples
from 18 healthy subjects that had not taken antibiotics in the
last six months.18 Eleven of these subjects were female and six
were male with an age range of 20–37 years. Dietary records
showed that these subjects consumed varied diets that were
consistent with NHANES data. Stool samples collected as
described from these same individuals were used in the
present study.18 All protocols involving human subjects were
approved by the University of Nebraska-Lincoln’s Institutional
Review Board before initiation of the study (no.
20120512624EP). All subjects gave voluntary informed consent
before enrollment in this project.
Inulin substrate
HP inulin (∼100%, average DP ≥ 23, Beneo, Germany) was
used as the fermentation substrate for this study. Inulin was
analyzed using size-exclusion chromatography21 to confirm
the absence of digestible mono- and disaccharides. No peaks
were observed in the area that mono- and disaccharides elute
from the column (data not shown). Therefore, the inulin was
used directly in the in vitro system without performing in vitro
digestion.
In vitro fermentation
In vitro fermentation of inulin substrate with the fecal inocula
was carried out following our previous study18 except the
inulin substrate was not hydrated overnight because it was
completely soluble. In short, 15 mg of inulin was dissolved in
1 mL of sterile fermentation medium and then inoculated
with 0.1 mL of fecal slurry, prepared by blending each fecal
sample separately with sterile phosphate-buffered saline (1 : 10
w/v). For each fecal sample, duplicate sample tubes for each
time point (0 h and 12 h) were fermented (total 4 tubes). At
each designated time point, microbial metabolism was
stopped by adding 0.2 mL of 2 M KOH containing 7 mM
2-ethyl-butyrate as an internal standard for S/BCFA analysis
and tubes were stored at −80 °C until analysis.
Short- and branched chain fatty acid and ammonia analysis
For analysis of fecal SCFA and BCFA concentrations, fecal
samples were homogenized with sterile phosphate-buffered
saline (1 : 10 w/v). The mixture was then centrifuged (10 000g,
5 min) and 0.4 mL of supernatant was mixed with 0.1 mL of
internal standard (7 mM 2-ethylbutyrate in 2 M KOH) followed
acidification, extraction into diethyl ether, and quantification
by gas chromatography as described.18
For analysis of SCFA, BCFA, and ammonia concentrations
in fermentation media, samples were thawed and centrifuged
(10 000g, 5 min). Aliquots of the supernatant were then used
for each analysis (0.5 mL for SCFA and BCFA; 0.1 mL for
ammonia; 0.2 mL for inulin). Samples for SCFA and BCFA
were analyzed by gas chromatography as described.18 Samples
for ammonia were assayed using the phenol hypochlorite
method.18 SCFA, BCFA, and ammonia obtained before ferment-
ation (0 h) was subtracted from the value obtained after 12 h
of fermentation to determine the concentration of each
analyte produced during the fermentation only. Inulin content
was measured using a commercial fructan kit (Megazyme
International, Ireland) except a liquid sample (0.2 mL of
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fermentation medium) was used. Inulin fermented over 12 h
was calculated by subtracting the inulin content after ferment-
ation from the inulin content before fermentation.
Statistical analyses
All statistical analyses were performed using SAS software
(version 9.4; SAS Institute, Cary, NC, USA). Data for inulin fer-
mentation and metabolite production were analyzed using
ANOVA with subject as the factor followed by pairwise compari-
sons using the least significant difference procedure. For corre-
lations of dietary intake of each fecal donor with metabolite
production or inulin degradation during in vitro fermentation,
Spearman correlation coefficients were computed using mean
values from each subject after correcting for age and gender.
Principal components analysis (PCA) was also run on the
ranked dietary intake and food category data. Metabolites and
inulin fermented were loaded onto the PCA biplot by correlat-
ing metabolite concentrations obtained from the subjects with
their corresponding principal component loadings. Paired
t-tests were used to compare metabolite and carbohydrate
degradation between inulin (this study) and whole wheat (pre-
vious study)18 fermentation. Pearson correlation coefficients
between fermentation outcomes using inulin versus whole
wheat substrate were also calculated.18
Results
Fecal metabolite concentration and correlation with dietary
records
Mean fecal SCFA and BCFA were 121 μmol g−1 feces and
5.13 μmol g−1 feces, respectively (ESI Table 1†). These concen-
trations were similar to previous reports.22–25 Few significant
correlations were noted between fecal metabolite concen-
trations and dietary intake variables: butyrate was significantly
correlated with cholesterol, whole grain, eggs, and soy pro-
ducts; iso-butyrate was significantly correlated with fructose;
iso-valerate was significantly correlated with copper, total veg-
etables, other vegetables, and total fruit; BCFA were signifi-
cantly correlated with copper, starchy vegetables not potato,
and nuts and seeds.
Inulin fermentation and metabolite production
The amount of inulin fermented over 12 h of in vitro fermenta-
tion was determined. Individual fecal microbiotas showed
differing ability to ferment the inulin (Fig. 1). The fecal micro-
biotas from subjects 11 and 24 were among the most able to
ferment inulin, whereas the fecal microbiotas from subjects
15, 21, and 98 fermented the least.
In agreement with the percentage of inulin fermented, the
SCFA production varied greatly among fecal microbiotas
(Fig. 2). The total SCFA production (r = 0.70, p = 0.003) and
acetate production (r = 0.67, p = 0.005) correlated with the per-
centage of inulin fermented. The fecal microbiota from
subject 11 produced much more butyrate than any other
microbiota. The fecal microbiota from subject 1 produced the
most total SCFA.
As expected, unlike the SCFA data, markers of protein fer-
mentation did not correlate with the percentage of inulin fer-
mented (p-values ranged from 0.23 to 0.93) but did show
variation among fecal microbiotas (Fig. 3). The fecal micro-
biota from most subjects, excluding 13 and 21, produced rela-
tively low concentrations of BCFA. Production of these
metabolites was highly correlated with ammonia production
(ammonia vs. iso-butyrate, r = 0.76, p = 0.0006; vs. iso-valerate,
r = 0.64, p = 0.008; vs. BCFA, r = 0.72, p = 0.002). When compar-
ing between makers of saccharolytic fermentation (SCFA) and
protein fermentation (BCFA), the only significant correlations
were for propionate with iso-valerate (r = 0.63, p = 0.01) and
BCFA (r = 0.54, p = 0.03).
Correlation between dietary records and inulin fermentation
and metabolite production
The percentage of inulin fermented was only correlated with a
few dietary nutrients, while many significant positive corre-
lations between nutrient intakes were discovered for acetate,
propionate, butyrate, and total SCFA production (Fig. 4). The
only negative correlation for these metabolites was for chole-
sterol intake and butyrate production. A few significant nega-
tive correlations were also found between nutrient intakes and
markers of protein fermentation: iso-valerate with poly-
unsaturated fat intake, and ammonia with energy, carbo-
hydrate, starch, and thiamin intakes.
A few correlations were noted between certain food cat-
egories and inulin fermented and metabolite production
during fermentation (Fig. 4). Interestingly, acetate, propionate,
butyrate, and the total SCFA production carried significant
positive correlations with “whole grain” intake and ammonia
was negatively correlated with “whole grain” and “total grain”.
Few significant correlations were found for other the food
categories.
Fig. 1 Inulin fermented during 12 hours of in vitro fecal fermentation.
Error bars show SD; bars marked with different letters are significantly
different; n = 2.
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Fig. 2 Short-chain fatty acid production during 12 hours of in vitro fecal fermentation. Error bars show SD; bars marked with different letters are
significantly different; n = 2; note the different scales on the y-axes.
Fig. 3 Branched-chain fatty acid and ammonia production during 12 hours of in vitro fecal fermentation. Error bars show SD; bars marked with
different letters are significantly different; n = 2; note the different scales on the y-axes.
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Principal components analysis of dietary records with inulin
fermentation and metabolite production
When performing PCA with nutrient and other compounds
intakes (Fig. 5A), the first two principal components (PC)
explained nearly 60% of the variation in the data set. These
components separated nutrients that are generally obtained
from plant foods with positive Eigenvectors on PC1 and nega-
tive Eigenvectors on PC2 (e.g., dietary fiber, insoluble fiber,
phytic acid, plant protein) from those nutrients that are more
prevalent in animal foods with low Eigenvectors on PC1 and
positive Eigenvectors on PC2 (e.g., cholesterol, fat, animal
protein). All SCFA carried high positive loadings on PC1 and
negative loadings on PC2, indicating an intake of nutrients
generally associated with plant foods were important for SCFA
production from inulin. In contrast, the loadings for markers
of protein fermentation (BCFA and ammonia) had negative or
low PC1 loadings and positive PC2 loadings, indicating an
intake of nutrients associated with animal foods were consist-
ent with BCFA and ammonia production during inulin
fermentation.
When performing PCA with food category data (Fig. 5B) the
first two PC explained less of the variance in the data set
(34%) and describing the meaning of each PC was more
difficult compared with the nutrient data. However, the
markers of protein fermentation carried negative loadings on
PC1 and positive loadings on PC2. These were associated with
intake of “total dairy”, “fluid milk”, and “franks, sausages,
lunch meat”. Interestingly, Eigenvectors for fresh meats such
as “beef, pork, veal, lamb, game”, “meat, poultry, fish”, and
“fish low in omega-3s” were directed in the opposite direction
from “franks, sausages, lunch meat” where the BCFA and
ammonia loaded. In contrast, SCFA were more consistent with
intake of “dry beans and peas”, “whole grain”, “orange and
yellow vegetables”, and “tomatoes”.
Comparison between fermentation outcomes using inulin as
substrate and whole wheat as substrate
As mentioned, we previously reported in vitro fermentation
properties of whole wheat substrate using fecal inocula from
the same subjects as reported in this paper for inulin. On
average, 46% of the inulin substrate was fermented over the
12 h of in vitro fermentation (Table 1), compared with only
29% of the carbohydrate fermented when using whole wheat
as substrate. This demonstrates that the inulin was a more
readily fermentable substrate. The inulin yielded more acetate,
butyrate, and total SCFA during fermentation than the whole
grain wheat, while the whole grain wheat yielded more propio-
nate than the inulin. The average molar ratios of acetic, propio-
nic and butyric acids after 12 h also showed the same trends
when comparing between inulin and whole wheat.18 Analysis
of correlations between fermentation outcomes when using
the two substrates revealed significant correlations for butyrate
and BCFA production, but not for the other outcomes.
Discussion
Given the important impact of gut metabolites on human
health, the first object of the present study was to determine
the correlations between dietary intake variables and fecal
microbial metabolite concentrations. Of the 77 dietary intake
variable analyzed, only 11 showed at least one significant cor-
relation with the microbial metabolites analyzed. Thus, we
concluded that the diet of the fecal donor did not have a
strong relationship to fecal microbial metabolite concen-
trations. This was not altogether surprising, since fecal SCFA
and BCFA concentrations are not a good measure of pro-
duction of these metabolites by the gut microbiota due to
Fig. 4 Spearman ρ correlation of dietary nutrient and food category
intake of the fecal donor with inulin fermented (%) and metabolite pro-
duction (mm) during in vitro fecal fermentation; only nutrients and food
categories with at least one significant correlation are shown (p < 0.05;
n = 18); other nutrients and food categories analyzed included: total fat,
saturated fat, trans fat, monounsaturated fat, omega-3 fatty acids,
sugars, added sugar, fructose, sucrose, protein, animal protein, choline,
alcohol, caffeine, vitamin A, vitamin K, vitamin B-12, vitamin C, Cu, Na,
Se, total vegetables, dark green vegetables, orange and yellow veg-
etables, starchy vegetables, tomatoes, other vegetables, total fruit, citrus
melon and berries, other fruit, fluid milk, yogurt, cheese, meat poultry
and fish, beef pork veal lamb and game, fish high in omega-3 fatty acids,
fish low in omega-3 fatty acids, soy products, nuts and seeds, alcoholic
beverages.
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in vivo absorption.26 However, others have shown that
dramatic dietary interventions can change the concentrations
of SCFA in fecal samples in predictable ways. For instance,
increases in dietary fiber intake has led to increases in fecal
butyrate concentrations.22,27 Additionally, one study reported a
relationship between the long-term intake of certain dietary
fiber fractions (cellulose and pectin) and foods (potatoes and
apples) and fecal acetate, propionate, and butyrate concen-
trations in institutionalized elderly individuals.28 We did not
find such correlative relationships in the present study. This is
likely because subjects did not undergo any dietary inter-
vention and were young individuals (20–37 years) consuming
widely varied diets.
Despite the lack of a clear relationship between long-term
diet and fecal concentrations of SCFA and BCFA in the present
study, we have previously shown that long-term diet was
strongly associated with the production of these metabolites
during in vitro fecal fermentation of predigested whole wheat
Fig. 5 Principal components biplot of nutrients (a) and food categories (b) with metabolites and inulin fermented (%) during in vitro fermentation.
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flour in these same individuals.18 Thus, it appears that long-
term diet is not necessarily related to the concentration of
microbial metabolites in the fecal samples, but instead related
to the functionality of the microbiota, which was determined
by performing an in vitro fermentation using the fecal
samples.
Because our previous study assayed the functionality of the
microbiota on a mostly insoluble and poorly fermentable sub-
strate, we desired to determine if diet was related to the func-
tionality of the gut microbiota during fermentation of a highly-
fermentable substrate, inulin. During fermentation of inulin,
the ability of the microbiota to produce acetate, propionate,
butyrate, and total SCFA correlated with intake of many macro-
and micronutrients. PCA revealed that the most important of
these nutrients were those from plant foods, including whole
grain, dry beans, and some types of vegetables. It is surprising
that intake of these foods were associated with inulin ferment-
ation, since they are not abundant sources of inulin (∼1–3%,
db).29 However, grain-based foods, for instance, are typically
the most important source of inulin in the diet because of the
high consumption of these staple foods.30 Perhaps people with
high intakes of these foods had a microbiota that was more
adapted to ferment the inulin and produce SCFA.
PCA also revealed a notable contrast between SCFA
(markers of saccharolytic fermentation) and BCFA and
ammonia (markers of proteolytic fermentation). These two
groups of metabolites loaded on opposite sides of the PCA
biplot, suggesting that saccharolytic and proteolytic fermenta-
tion are associated with intake of divergent diets, the former a
plant-based diet and the latter an animal-based diet (especially
from dairy and cured meats). The differing predominant meta-
bolic pathways may be attributed to the difference in gut
microbiota between people on these two types of diets. For
instance, a high protein diet15 or entirely animal-based diet31
has been shown to result in a reduction in important known
saccharolytic bacteria: Roseburia, Eubacterium rectale, and
Ruminococcus bromii, accompanied by an increase in microbes
more adapted to ferment protein, including Alistipes, Bilophila
and Bacteroides, and an increase in BCFA and N-nitroso com-
pounds15 compared with the regular diet. In contrast, a high
fiber diet results in increased Prevotella as well as butyrate
producers.2
When comparing the metabolites produced in the present
study of inulin with the previous study using digested whole
wheat flour, we observed significantly more carbohydrate util-
ization during inulin fermentation compared with fermenta-
tion of whole wheat, indicating, as expected, that inulin was
more available for fermentation than the dietary fibers in the
whole wheat substrate. The differences between inulin and
whole grain wheat may be due to the differences in the solubi-
lity and structure of the dietary fibers contained. For instance,
inulin is more soluble than the arabinoxylans in whole wheat,
which are cross-linked by phenolic groups and resistant
to attack by the gut microbiota.32 The molar ratios of SCFA
in inulin and whole grain wheat fermentations were very
different. Inulin was more acetogenic and butyrogenic com-
pared with the whole grain wheat, while whole wheat was
more propiogenic. This is consistent with the studies that
showed inulin was more butyrogenic than wheat bran,33 while
arabinoxylan fermentation resulted in high propionate
production.34,35
Significant correlations were found for butyrate and BCFA
when using inulin versus whole wheat as substrate. This obser-
vation suggests that the magnitude of butyrate and BCFA pro-
duction depends more on the stool donor and less on the
substrate. It is generally accepted that dietary fiber substrates
affect the production of microbial metabolites in in vitro
fermentations because different bacteria vary in their capacity
to utilize substrates with different structures.36 However, our
observations suggest that if the diet of the stool donor is con-
ducive to a microbiota that favors butyrate production (or, con-
versely, BCFA production), high butyrate (or BCFA) production
will be observed in the in vitro fermentation regardless of sub-
strate (insoluble, soluble, etc.). This observation does not
negate the value of in vitro fermentation systems; they are
useful for comparing among substrates when using a single
fecal inoculum, but when different inocula are used the mag-
nitude of and propensity toward butyrate (or BCFA) production
will vary depending on the stool donor’s diet.
It is also interesting that, among the SCFA production com-
pared between this study and the previous study using whole
wheat, a significant correlation was observed only for butyrate.
Butyrate producers are unique because they are highly
susceptible to dietary complex carbohydrate shortages.37 For
instance, reduced dietary intake of carbohydrates results in a
rapid decreased butyrate-producing bacteria (related to
Roseburia spp. and E. rectale).27 In contrast, a meal rich in
indigestible carbohydrate has been shown to increase butyrate
production preceding the following meal.38
Table 1 Mean (standard error) of in vitro fermentation outcomes when
using inulin or whole wheat as substrate and Pearson correlations (r)
between responses obtained from individuals on the two substratesa
Fermentation outcome Inulin Wheat r
Inulin or NSP fermented (%) 45.9 (2.3) 28.6 (2.1)* −0.07
Acetate (mM) 49.2 (3.9) 34.1 (1.8)* 0.35
Propionate (mM) 1.91 (0.22) 5.51 (0.66)* 0.37
Butyrate (mM) 5.34 (1.2) 2.83 (0.60)* 0.90§
SCFA (mM) 56.4 (4.71) 42.4 (2.1)* 0.43
iso-Butyrate (mM) 0.155 (0.031) 0.173 (0.062) 0.78§
iso-Valerate (mM) 0.267 (0.044) 0.296 (0.100) 0.48§
BCFA (mM) 0.423 (0.072) 0.469 (0.158) 0.61§
Ammonia (mM) 12.8 (2.01) 11.5 (0.61) 0.31
Acetate/SCFA 0.88 (0.01) 0.81 (0.02)* 0.63§
Propionate/SCFA 0.03 (0.00) 0.13 (0.01)* 0.28
Butyrate/SCFA 0.09 (0.01) 0.07 (0.01)* 0.86§
BCFA/SCFA 0.01 (0.00) 0.01 (0.00) 0.67§
aData for wheat fermentation from ref. 18; NSP, non-starch
polysaccharides; SCFA, short chain fatty acids; BCFA, branched chain
fatty acids; N = 18; *significantly different from inulin (p < 0.05);
§significantly different from no correlation (zero).
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Our study has shown that long-term intake of plant foods,
especially whole grain, dry beans, and certain vegetables, is
associated with acetate, propionate, butyrate, and the total
SCFA production during in vitro fermentation of an inulin sub-
strate, while high intake of animal foods, especially dairy
foods and cured meats, is associated with markers of protein
fermentation, including ammonia and BCFA production. Fur-
thermore, the magnitude of butyrate and BCFA production
during in vitro fermentation is dependent on diet of the fecal
donor, regardless of the substrate. Thus, long-term diet may
have a pronounced effect on the propensity of the gut micro-
biota toward saccharolytic fermentation versus proteolytic
fermentation. Our results may help in the development of new
dietary strategies to improve metabolism by the gut microbiota
and thereby promote human health.
Acknowledgements
This work was funded in part by grants from the Nebraska
Research Initiative and from General Mills, Inc. The funders
had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript. We (the
authors) attest that there were no interests that competed with
objective interpretation and presentation of the results.
References
1 J. C. Clemente, L. K. Ursell, L. W. Parfrey and R. Knight,
The impact of the gut microbiota on human health: an
integrative view, Cell, 2012, 148, 1258–1270.
2 G. D. Wu, J. Chen, C. Hoffmann, K. Bittinger, Y.-Y. Chen,
S. A. Keilbaugh, M. Bewtra, D. Knights, W. A. Walters and
R. Knight, Linking long-term dietary patterns with gut
microbial enterotypes, Science, 2011, 334, 105–108.
3 H. Daniel, A. M. Gholami, D. Berry, C. Desmarchelier,
H. Hahne, G. Loh, S. Mondot, P. Lepage, M. Rothballer and
A. Walker, High-fat diet alters gut microbiota physiology in
mice, ISME J., 2014, 8, 295–308.
4 J. Zhang, Z. Guo, Z. Xue, Z. Sun, M. Zhang, L. Wang,
G. Wang, F. Wang, J. Xu and H. Cao, A phylo-functional
core of gut microbiota in healthy young Chinese cohorts
across lifestyles, geography and ethnicities, ISME J., 2015,
DOI: 10.1038/ismej.2015.
5 P. J. Turnbaugh, M. Hamady, T. Yatsunenko, B. L. Cantarel,
A. Duncan, R. E. Ley, M. L. Sogin, W. J. Jones, B. A. Roe and
J. P. Affourtit, A core gut microbiome in obese and lean
twins, Nature, 2009, 457, 480–484.
6 M. H. Van Nuenen, K. Venema, J. C. Van Der Woude and
E. J. Kuipers, The metabolic activity of fecal microbiota
from healthy individuals and patients with inflammatory
bowel disease, Dig. Dis. Sci., 2004, 49, 485–491.
7 R. A. Koeth, Z. Wang, B. S. Levison, J. A. Buffa,
B. T. Sheehy, E. B. Britt, X. Fu, Y. Wu, L. Li and J. D. Smith,
Intestinal microbiota metabolism of L-carnitine, a nutrient
in red meat, promotes atherosclerosis, Nat. Med., 2013, 19,
576–585.
8 E. Puertollano, S. Kolida and P. Yaqoob, Biological signifi-
cance of short-chain fatty acid metabolism by the intestinal
microbiome, Curr. Opin. Clin. Nutr. Metab. Care, 2014, 17,
139–144.
9 G. Tolhurst, H. Heffron, Y. S. Lam, H. E. Parker,
A. M. Habib, E. Diakogiannaki, J. Cameron, J. Grosse,
F. Reimann and F. M. Gribble, Short-chain fatty acids
stimulate glucagon-like peptide-1 secretion via the
G-protein–coupled receptor FFAR2, Diabetes, 2012, 61, 364–
371.
10 K. L. Zambell, M. D. Fitch and S. E. Fleming, Acetate and
butyrate are the major substrates for de novo lipogenesis in
rat colonic epithelial cells, J. Nutr., 2003, 133, 3509–3515.
11 J. M. Wong, R. de Souza, C. W. Kendall, A. Emam and
D. J. Jenkins, Colonic health: fermentation and short chain
fatty acids, J. Clin. Gastroenterol., 2006, 40, 235–243.
12 A. N. Thorburn, L. Macia and C. R. Mackay, Diet,
metabolites, and “western-lifestyle” inflammatory diseases,
Immunity, 2014, 40, 833–842.
13 Z. Gao, J. Yin, J. Zhang, R. E. Ward, R. J. Martin,
M. Lefevre, W. T. Cefalu and J. Ye, Butyrate improves
insulin sensitivity and increases energy expenditure in
mice, Diabetes, 2009, 58, 1509–1517.
14 H. V. Lin, A. Frassetto, E. J. Kowalik Jr., A. R. Nawrocki,
M. M. Lu, J. R. Kosinski, J. A. Hubert, D. Szeto, X. Yao and
G. Forrest, Butyrate and propionate protect against diet-
induced obesity and regulate gut hormones via free fatty
acid receptor 3-independent mechanisms, PLoS One, 2012,
7, e35240.
15 W. R. Russell, S. W. Gratz, S. H. Duncan, G. Holtrop,
J. Ince, L. Scobbie, G. Duncan, A. M. Johnstone,
G. E. Lobley and R. J. Wallace, High-protein, reduced-carbo-
hydrate weight-loss diets promote metabolite profiles likely
to be detrimental to colonic health, Am. J. Clin. Nutr., 2011,
93, 1062–1072.
16 M. Andriamihaja, A.-M. Davila, M. Eklou-Lawson, N. Petit,
S. Delpal, F. Allek, A. Blais, C. Delteil, D. Tomé and
F. Blachier, Colon luminal content and epithelial cell mor-
phology are markedly modified in rats fed with a high-
protein diet, Am. J. Physiol., 2010, 299, G1030–G1037.
17 K. P. Scott, S. W. Gratz, P. O. Sheridan, H. J. Flint and
S. H. Duncan, The influence of diet on the gut microbiota,
Pharmacol. Res., 2013, 69, 52–60.
18 J. Yang and D. J. Rose, Long-term dietary pattern of fecal
donor correlates with butyrate production and markers of
protein fermentation during in vitro fecal fermentation,
Nutr. Res., 2014, 34, 749–759.
19 T. Barclay, M. Ginic-Markovic, P. Cooper and N. Petrovsky,
Inulin-a versatile polysaccharide with multiple pharmaceutical
and food chemical uses, IPEC, 2010.
20 D. C. Hernot, T. W. Boileau, L. L. Bauer, I. S. Middelbos,
M. R. Murphy, K. S. Swanson and G. C. Fahey Jr., In vitro
fermentation profiles, gas production rates, and microbiota
modulation as affected by certain fructans, galactooligo-
Paper Food & Function
1812 | Food Funct., 2016, 7, 1805–1813 This journal is © The Royal Society of Chemistry 2016
View Article Online
saccharides, and polydextrose, J. Agric. Food. Chem., 2009,
57, 1354–1361.
21 A. L. Hartzell, M. X. Maldonado-Gómez, J. Yang,
R. W. Hutkins and D. J. Rose, In vitro digestion and fermen-
tation of 5-formyl-aminosailcylate-inulin: A potential
prodrug of 5-aminosalicylic acid, Bioact. Carbohydr. Diet.
Fibre, 2013, 2, 8–14.
22 A. L. McOrist, R. B. Miller, A. R. Bird, J. B. Keogh,
M. Noakes, D. L. Topping and M. A. Conlon, Fecal butyrate
levels vary widely among individuals but are usually
increased by a diet high in resistant starch, J. Nutr., 2011,
141, 883–889.
23 J. Fernandes, W. Su, S. Rahat-Rozenbloom, T. Wolever and
E. Comelli, Adiposity, gut microbiota and faecal short
chain fatty acids are linked in adult humans, Nutr.
Diabetes, 2014, 4, e121.
24 C. De Filippo, D. Cavalieri, M. Di Paola, M. Ramazzotti,
J. B. Poullet, S. Massart, S. Collini, G. Pieraccini and
P. Lionetti, Impact of diet in shaping gut microbiota
revealed by a comparative study in children from Europe
and rural Africa, Proc. Natl. Acad. Sci. U. S. A., 2010, 107,
14691–14696.
25 S. Rahat-Rozenbloom, J. Fernandes, G. Gloor and
T. Wolever, Evidence for greater production of colonic
short chain fatty acids in overweight than lean humans,
Int. J. Obes., 2014, 38, 1525–1531.
26 E. Bergman, Energy contributions of volatile fatty acids
from the gastrointestinal tract in various species, Physiol.
Rev, 1990, 70, 567–590.
27 S. H. Duncan, A. Belenguer, G. Holtrop, A. M. Johnstone,
H. J. Flint and G. E. Lobley, Reduced dietary intake of
carbohydrates by obese subjects results in decreased con-
centrations of butyrate and butyrate-producing bacteria in
feces, Appl. Environ. Microbiol., 2007, 73, 1073–1078.
28 A. Cuervo, N. Salazar, P. Ruas-Madiedo, M. Gueimonde and
S. González, Fiber from a regular diet is directly associated
with fecal short-chain fatty acid concentrations in the
elderly, Nutr. Res., 2013, 33, 811–816.
29 A. J. Moshfegh, J. E. Friday, J. P. Goldman and
J. K. C. Ahuja, Presence of inulin and oligofructose in the
diets of Americans, J. Nutr., 1999, 129, 1407S–1411s.
30 J. Van Loo, P. Coussement, L. De Leenheer, H. Hoebregs
and G. Smits, On the presence of inulin and oligofructose
as natural ingredients in the western diet, Crit. Rev. Food
Sci. Nutr., 1995, 35, 525–552.
31 L. A. David, C. F. Maurice, R. N. Carmody, D. B. Gootenberg,
J. E. Button, B. E. Wolfe, A. V. Ling, A. S. Devlin, Y. Varma,
M. A. Fischbach, S. B. Biddinger, R. J. Dutton and
P. J. Turnbaugh, Diet rapidly and reproducibly alters the
human gut microbiome, Nature, 2014, 505, 559–563.
32 B. J. Stevens, R. R. Selvendran, C. E. Bayliss and R. Turner,
Degradation of cell wall material of apple and wheat bran
by human faecal bacteria in vitro, J. Sci. Food Agric., 1988,
44, 151–166.
33 P. B. Mortensen, K. Holtug and H. S. Rasmussen, Short-
chain fatty acid production from mono-and disaccharides
in a fecal incubation system: implications for colonic
fermentation of dietary fiber in humans, J. Nutr., 1988,
118, 325.
34 A. Pollet, V. Van Craeyveld, T. Van de Wiele, W. Verstraete,
J. A. Delcour and C. M. Courtin, In Vitro Fermentation of Ara-
binoxylan Oligosaccharides and Low Molecular Mass Arabi-
noxylans with Different Structural Properties from Wheat
(Triticum aestivum L.) Bran and Psyllium (Plantago ovata
Forsk) Seed Husk, J. Agric. Food Chem., 2012, 60, 946–954.
35 M. J. Hopkins, H. N. Englyst, S. Macfarlane, E. Furrie,
G. T. Macfarlane and A. J. McBain, Degradation of cross-
linked and non-cross-linked arabinoxylans by the intestinal
microbiota in children, Appl. Environ. Microbiol., 2003, 69,
6354–6360.
36 J. Yang, A. Keshavarzian and D. J. Rose, Impact of
dietary fiber fermentation from cereal grains on metabolite
production by the fecal microbiota from normal
weight and obese individuals, J. Med. Food, 2013, 16, 862–
867.
37 M. Vital, A. C. Howe and J. M. Tiedje, Revealing the bac-
terial butyrate synthesis pathways by analyzing (meta)
genomic data, mBio, 2014, 5, e00889–e00814.
38 A. C. Nilsson, E. M. Östman, K. E. B. Knudsen, J. J. Holst
and I. M. Björck, A cereal-based evening meal rich in
indigestible carbohydrates increases plasma butyrate the
next morning, J. Nutr., 2010, 140, 1932–1936.
Food & Function Paper
This journal is © The Royal Society of Chemistry 2016 Food Funct., 2016, 7, 1805–1813 | 1813
View Article Online
